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1. Introduction 
,QKLJKHQHUJ\FROOLVLRQVRIHOHFWURQVDQGSRVLWURQVILQDOVWDWHVZLWKSDUWLFXODUSK\VLFVLQWHUHVWW\SLFDOO\
IHDWXUHKLJKHQHUJHWLFPXOWLMHWV7KH\DUHSULPDULO\SURGXFHGIURPWKHGHFD\RIKHDY\SDUWLFOHVVXFKDV
WKH: =E RVRQV WKHWR S TXDUNR UWK HK \SRWKHWLFDO +LJJV SDUWLFOH ,QJ HQHUDO WKH FDORULPHWULF
PHDVXUHPHQWRIWKHHQHUJ\RIWKHVHMHWVLVGHJUDGHGE\ODUJHIOXFWXDWLRQVLQWKHIUDFWLRQRIQHXWUDOSLRQVLQ
MHWVDQGKDGURQLFVKRZHUVFRXSOHGZLWKWKHW\SLFDOO\ODUJHUUHVSRQVHRIHOHFWURPDJQHWLF(0FRPSDUHG
WRK DGURQLFHQ HUJ\G HSRVLWVL QW KHFDO RULPHWHU1 HXWUDOS LRQVS URGXFHGL QK DGURQLFV KRZHUVFDQ E H
LGHQWLILHGWKURXJKWKHORFDOGHQVLW\RIDVVRFLDWHGFKDUJHGWUDFNVDVVKRZQLQ)LJ) LJXUHDVVXPHVD
VDQGZLFKW\SHFDORULPHWHUFRQWDLQLQJWZRKXQGUHGVOD\HUVFRQVLVWLQJRIDFPWKLFNOHDGDEVRUEHUDQGD
FPWKLFN 6FLQWLOODWRUSODWH7KHQXPEHURI&KHUHQNRYSKRWRQVJHQHUDWHGLQWKHWUDQVSDUHQWDEVRUEHU
LVSORWWHGDVDIXQFWLRQRIOD\HUQXPEHU

)LJXUH OHIW7KHQXPEHU RI&HUHQNRYSKRWRQVD VD IXQFWLRQR IO D\HU QXPEHUL VD  VLPXODWHGSLRQ
HYHQWRI*H9LVVKRZQ,QOD\HUDQHXWUDOSLRQLVJHQHUDWHGDQGWKHIROORZLQJ(0VKRZHULVFOHDUO\
VHHQDVKLJKOLJKWHGZLWKDUHGFLUFOH
)LJXUH ULJKWDSURSRVHG7RWDO0HDVXUHPHQW&DORULPHWHU70&FRQVLVWLQJRIWZRW\SHVRIDFWLYH
PHGLDQDPHO\&KHUHQNRYUDGLDWLRQDEVRUEHUVDQG6FLQWLOODWRUSODWHVLQDVDQGZLFKVWUXFWXUH

7KH(0VXEVKRZHUVJHQHUDWHGE\QHXWUDOS LRQVSURGXFHG LQKDGURQLFVKRZHUVDUHHDVLO\UHFRJQL]HGLQ
0RQWH &DUORH YHQWV WKURXJK WKH LQFUHDVHGO LJKWS URGXFWLRQL QD GMDFHQWO D\HUV7 KHUHIRUHW KH NH\
UHTXLUHPHQWIRULGHQWLI\LQJDQGPHDVXULQJHQHUJ\GHSRVLWVIURPQHXWUDOSLRQVLVWKHVHJPHQWDWLRQRIWKH
VDQGZLFKFDORULPHWHULQWKHORQJLWXGLQDOGLUHFWLRQ

7KHKDGURQ HQHUJ\PHDVXUHPHQWF DQE HGLYLGHGL QWR WZR SDUWV QDPHO\(0 VKRZHUVD QGSXUHFKDUJHG
KDGURQVSDVVLQJWKURXJKWKHFDORULPHWHUDVPLQLPXPLRQL]LQJSDUWLFOHVZKLFK\LHOGUDWKHUVPDOOHQHUJ\
GHSRVLWV+HUHZHSURSRVHDFOHYHULGHDIRUWKHPHDVXUHPHQWRIKDGURQLFVKRZHUVZKLFKFRQVLVWVRIWZR
VSHFLDOL]HGPDWHULDOVIRUHDFKHQHUJ\FRPSRQHQWVQDPHO\DW UDQVSDUHQWDQGKHDY\DEVRUEHUIRUWKH(0
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HQHUJ\PHDVXUHPHQWDQGSODVWLF6FLQWLOODWRUIRUWKHPHDVXUHPHQWRIWKHFKDUJHGKDGURQFRPSRQHQW7KH
WUDQVSDUHQWPDWHULDODFWVDVDQDEVRUEHUIRUWKHVDQGZLFKFDORULPHWHUDQGDV&KHUHQNRY OLJKWUDGLDWRULQ
SDUWLFXODUIRUWKH(0VKRZHUSDUWLFOHV7KHDPRXQWRIWKH&KHUHQNRYOLJKWLVDVVXPHGWREHSURSRUWLRQDO
WRWKH(0FRPSRQHQWRIKDGURQLFVKRZHUV7KLVFDORULPHWHUKDVEHHQDGRSWHGIURPSUHYLRXVFDORULPHWHU
GHVLJQVZLWKXQLIRUP(0&KHUHQNRYFRXQWHUV RUIURPGHVLJQVEDVHGRQWRWDODEVRUSWLRQFDORULPHWU\[@
+RZHYHUKHUHZHQHHGWRKDYHDILQHUORQJLWXGLQDOVHJPHQWDWLRQVRDVWRPDLQWDLQRSWLPDODSSOLFDELOLW\
RI3DUWLFOH)ORZ$OJRULWKPV3)$VWRWKHPHDVXUHPHQWRIKDGURQLFVKRZHUV7KHSODVWLF6FLQWLOODWRURQ
WKHRWKHUKDQGVHUYHV WRPHDVXUHWKHHQHUJ\ ORVVR IDO O0,3V LQWKH VKRZHU>@:HSURSRVH WRFDO OWKH
FRPELQDWLRQRIWKHVHWZRDFWLYHHOHPHQWVLQWRDV DQGZLFKFDORULPHWHUD7 RWDO0HDVXUHPHQW&DORULPHWHU
70&7KHS URSRVHGF DORULPHWHULV  TXLWHV LPSOHD QG XQLIRUPLQ WK HOR QJLWXGLQDOG LUHFWLRQV RWK DWLWV 
GHVLJQ ZRUNVD VE RWKW KH( 0D QG+ DGURQF DORULPHWHU7 KLV LVV KRZQ VFKHPDWLFDOO\L Q) LJ % \
PHDVXULQJWKH(0VKRZHUFRPSRQHQWLQWKHORQJLWXGLQDOO\ILQHO\VHJPHQWHGFDORULPHWHURQDQHYHQWE\
HYHQWEDVLVWKHIOXFWXDWLRQVRIWKHKDGURQHQHUJ\PHDVXUHPHQWFDQEHUHGXFHGDQGWKHUHVROXWLRQIRUWKH
KDGURQHQHUJ\PHDVXUHPHQWFDQEHVLJQLILFDQWO\LPSURYHG

)LJXUH3 DOHIWWKH$'&GLVWULEXWLRQIRUWKHFPORQJOHDGJODVV&KHUHQNRYFRXQWHU7KHDYHUDJH
UHVSRQVHWRFRVPLFUD\PXRQVLVPHDVXUHGWRSURGXFHDERXWSKRWRHOHFWURQV
)LJXUHEULJKWWKH$'&GLVWULEXWLRQIRUWKHFPWKLFN3E)&KHUHQNRYFRXQWHU7KHDYHUDJH
UHVSRQVHWRFRVPLFUD\PXRQVLVPHDVXUHGWRSURGXFHDERXWSH

2 Selection of Cherenkov absorber 
 
6LQFHWKHDPRXQWRI&KHUHQNRYOLJKWHPLWWHGE\DSDUWLFOHLVLQJHQHUDOVPDOODQGLVPRVWO\DEVRUEHGE\
WKH PDWHULDOL WVHOILW LV UHODWLYHO\G LIILFXOW WR GHWHFW0 ,3 SDUWLFOHV ZLWKW KLQU DGLDWRUV 7KXV GHGLFDWHG
VWXGLHVDUHQHHGHGWRPD[LPL]HWKHOLJKW\LHOG)LUVWRIDOODVDUHIHUHQFHZHXVHGDFRPELQDWLRQRID6)
OHDGJODVV>@DQGD LQFKSKRWRPXOWLSOLHUWXEH7KHSXOVHKHLJKWGLVWULEXWLRQ IURPFRVPLF UD\PXRQV
UHVXOWHGLQDQDYHUDJHRISKRWRHOHFWURQVIRU0,3SDUWLFOHVWUDYHUVLQJWKHJODVVDVVKRZQLQ)LJD
,QWKLVVHWXSWKHWUDMHFWRU\RIWKHPXRQVLVDSSUR[LPDWHO\FPLQWKHOHDGJODVV:HKDYHDOVRWHVWHGD
3E)FU\VWDOZKRVHGLPHQVLRQVZHUHFP[FP[FP7KHFRVPLFUD\PXRQUHVSRQVHPHDVXUHGE\D
SKRWRPXOWLSOLHUSODFHGRQRQHRI WKH[ FP VXUIDFHVZDVDERXW SKRWRHOHFWURQV7KHVSHFWUXP LV
VKRZQ LQ )LJ E7 KH DPRXQWR I&KHUHQNRYO LJKWR EVHUYHGL V FRQVLVWHQWDPRQJ WKHWZR VHWXSVE XW
3E)ZLWKLWVKLJKHUGHQVLW\RIIHUVDGGLWLRQDODGYDQWDJHVDVDEVRUEHUPDWHULDORIDVDQGZLFKFDORULPHWHU
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1RWH WKDWW KH SKRWRGHWHFWRUVX VHGKHUHZRXOGQRW EHVXLWDEOHI RUD  FROOLGLQJEHDPFDORULPHWHUGXH WR
WKHLUODUJHVL]HDQGQRQPDJQHWLFWROHUDQFH

3 Read out scheme 
2QFHWKHFDORULPHWHULVSXWLQDPDJQHWLFILHOGVXFKDVWKHRQHRIDFROOLGHUH[SHULPHQWWKHSKRWRVHQVRU
PXVWEHLQVHQVLWLYHWRWKHPDJQHWLFILHOG)XUWKHUPRUHLWPXVWEHVPDOOWRPLQLPL]HWKHGHDGYROXPHLQ
WKHFDORULPHWHU7KHVHFRQVWUDLQWVLPSRVHDQREYLRXVFKRLFH:HSURSRVHWRXVH033&V>@IRU
PHDVXULQJWKH&KHUHQNRYOLJKW033&VDUHLGHDOIRUWKLVWDVNGXHWRWKHLUVPDOOVL]HPDJQHWLFILHOG
WROHUDQFHORZFRVWORZRSHUDWLQJYROWDJHDQGKLJKJDLQ+RZHYHUWKHUHDGRXWRI&KHUHQNRYOLJKWIURP
JODVVRUFU\VWDOEORFNZLWK033&VZLWKDUHDVRIWKHRUGHURIDPPSRVHDSDUWLFXODUFKDOOHQJH/DUJHVL]H
VHQVRUVFRXOGLQFUHDVHWKHQXPEHURIOLJKWFROOHFWHGEXWWKHQRLVHUDWHZRXOGDOVRLQFUHDVHLQSURSRUWLRQ
ZLWKWKHDUHD

)LJXUHD OHIWDVFKHPDWLFYLHZRI:/6)UHDGRXWIURPWKH&KHUHQNRYUDGLDWRURI3E)
)LJXUHE ULJKWWKH$'&GLVWULEXWLRQIRUFRVPLFUD\V &5RIWKH:/6)VUHDGRXWE\DSKRWR
PXOWLSOLHUWXEH

$ FOHYHUUHDGRXWVFKHPHXVLQJVPDOOSKRWRVHQVRUVZLWKODUJHVL]H&KHUHQNRYUDGLDWRUVVWLOOQHHGVWREH
GHYHORSHG7KLVSUREOHPPLJKWEHVROYHGE\LQWURGXFLQJZDYHOHQJWKVKLIWLQJILEUHV:/6)>@ZKLFK
DEVRUEVKRUWZDYHOHQJWKSKRWRQVDQGHPLWORQJHUZDYHOHQJWKVLVRWURSLFDOO\6RPHRIWKHVHSKRWRQV
HPLWWHGLQWKHRSWLFDOILEUHWUDYHOGRZQWKHILEUHDQGUHDFKWKHSKRWRVHQVRUDWWDFKHGDWWKDWHQG
:HKDYHFRQVWUXFWHGDQGWHVWHGD&KHUHQNRYGHWHFWRUUHDGRXWZLWK:/6)VVFKHPDWLFDOO\VKRZQLQ)LJ
D7KHUHDUH:/6)VRQHDFK[FP VXUIDFHRIWKH3E)ZLWKDWRWDORIILEUHV:HDWWDFKHGD
SKRWRPXOWLSOLHUWXEH WRWKH:/6)VDQGWKHUHVXOWLQJVSHFWUXPIURP&RVPLF5D\PXRQVLVVKRZQLQ)LJ
E7KHDYHUDJHOLJKW\LHOGLVDERXWSH SHU0,3,QDVHSDUDWHWHVWZHUHPRYHGVRPH:/6)VIURPWKH
VLGHDQGERWWRPVXUIDFHV7KHUHVXOWVZHUHFRQVLVWHQWZLWKD\LHOGRIDERXWSHIRUHDFKVXUIDFHDQGDOVR
FRQVLVWHQWZLWKWKHUHVXOWVRI)LJE

4 Conclusion and discussion  
 
,QKDGURQFDORULPHWU\WKHPHDVXUHPHQWRIWKHIUDFWLRQRIHQHUJ\GHSRVLWVE\QHXWUDOSLRQVUHTXLUHV
ORQJLWXGLQDOO\ILQHO\VHJPHQWHGGHWHFWRUV 7RWDO0HDVXUHPHQW&DORULPHWU\70&LVSURSRVHGEDVHGRQD
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VDQGZLFKVWUXFWXUHRID&KHUHQNRYDEVRUEHUZLWKVFLQWLOODWLQJPDWHULDO7RDFKLHYH70&EDVLFWHVWVKDYH
EHHQFDUULHGRXW7KHQXPEHURI&KHUHQNRYOLJKWLVIRXQGWREHVLPLODUIRUGLIIHUHQWPDWHULDOV+RZHYHUD
GLIILFXOW\WRGHWHFW&KHUHQNRYOLJKWIURP0,3SDUWLFOHVLVHQFRXQWHUHGGXHWRWKHVPDOOOLJKW\LHOG7KLV
SUREOHPPLJKWEHFLUFXPYHQWHGE\JLYLQJXSRQWKHPHDVXUHPHQWRI0,3VDQGE\VHWWLQJKLJKHUGHWHFWLRQ
WKUHVKROGV7KLVSRVVLELOLW\ZLOOEHVWXGLHGE\VLPXODWLRQHYHQWV DQGDWWKHWHVWEHQFKLQWKHQHDUIXWXUH 
Nomenclature 
/HDG*ODVV&KHUHQNRYUDGLDWRUXVHGWREHWKH(0VKRZHUFRXQWHUIRUWKH23$/H[SHULPHQWWKHGHQVLW\
LVJFP
3E) &KHUHQNRYUDGLDWRUZLWKGHQVLW\RIJFP
033&0XOWL3L[HO3KRWQ&RXQWHUE\+DPDPDWVXSKRWRQLFV,QF
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